Background Of the many possible factors that may contribute to orthostatic intolerance, the loss of circulating blood because of capillary filtration is one of the few that can explain the gradual decline of arterial pressure during stand tests. This study used a computer model to investigate the relative importance of haemodynamic parameters, including capillary filtration, as potential contributors to orthostatic intolerance. Simulated orthostatic tolerance times were compared to previous experiments combining head-up tilt and lower body negative pressure graded orthostatic stress, which provided haemodynamic data, in particular haematocrit measurements that allowed subject-specific modelling of capillary transport.
Introduction
Orthostatic intolerance remains a problem upon return to Earth from the microgravity environment of spaceflight. A large fraction of astronauts demonstrate postflight orthostatic intolerance when tested between 3-4 h after space flight [1, 2] , with the fraction increasing with flight duration [3] . Because the data available from preflight and postflight tests of astronauts are predominantly for relatively short spaceflights and small sample sizes, meaningful statistical comparisons are generally not possible [4] . Equally important for the purposes of this study is that data essential for estimating circulating fluid volume are often missing.
Of the many possible factors advanced as potential contributors to postspaceflight orthostatic intolerance (POI), the loss of circulating blood volume because of capillary filtration, investigated by Broskey and Sharp [5] and Coats and Sharp [6] , is one of the few that can explain the gradual decline of arterial pressure often observed during stand tests. During capillary filtration, fluid is transferred from the blood to the tissues, with the rate generally driven by capillary transmural pressure (CTP). Because CTP may be chronically decreased in microgravity, capillary hydraulic conductivity may increase to maintain normal transcapillary flow during spaceflight, which then results in temporarily increased capillary filtration when CTP returns to normal postflight. Broskey and Sharp [5] and then Coats and Sharp [6] adapted a simple cardiovascular model developed by White and Blomqvist [7] 
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responses to orthostatic stress, finding in both studies that capillary filtration plays an important role in the onset of orthostatic intolerance. The Broskey and Sharp model increased the number of compartments in the model from three to five and incorporated nonlinear compliance for the venous compartments. The model also included hydrostatic pressure based on posture-dependent compartment elevations and a modified solution technique that worked better for nonlinear compliance to simulate an average astronaut returning to Earth. The number of compartments was then increased to seven in the Coats and Sharp model to match the regions for which experimental plethysmography data were available and differences between male finishers and nonfinishers of stand tests and females (all nonfinishers) were incorporated, along with a continuous nonlinear compliance function. In addition to simulating stand tests on Earth, Mars and the Moon, the Coats and Sharp model simulated responses of individuals on a centrifuge. Using a constant 40-mL min )1 decrease in circulating volume for nonfinishers to represent capillary filtration, the model predicted syncope when cerebral pressure dropped below the 25-30 mmHg threshold for consciousness [8, 9] . For the average astronaut in the Broskey and Sharp [5] study, the resulting simulated time to syncope in postflight stand tests on Earth was 7 min, which agreed well with average time to presyncope for returning astronauts [1] . Similar simulations performed by Coats and Sharp [6] produced 4 and 7 min times to syncope in females and male nonfinishers, respectively, which corresponds well with available data on returning astronauts [1, 10] . This study undertakes the task of subject-specific simulations of cardiovascular response during orthostatic stress. Because of the limitations of astronaut experiments, validation data were provided by tests of nonastronauts at the Medical University of Graz, which combined head-up tilt (HUT) and graded lower body negative pressure (LBNP) until presyncope [11] . LBNP is known to reliably cause orthostatic intolerance and increases in lower body transmural pressures similar to the increases caused by returning to Earth [12] . The aim of this study was to determine the relative importance of cardiovascular and haemodynamic parameters in producing orthostatic intolerance in individual subjects, which may allow the identification of characteristics predictive of orthostatic intolerance.
Methodology Model development
The cardiovascular model consists of seven compartments that represent the heart ⁄ lung and systemic arteries as well as the cephalic, chest, abdomen, thigh and calf venous segments. The independent and dependent model parameters included are listed in Table 1 .
Independent parameters included factors characterizing cardiac performance, vascular and arterial resistance, extracardiac pressure, nonlinear, continuous venous compliance and circulating blood volume, which is decreased by the capillary filtration rate. Dependent parameters included cardiac output and compartmental pressures and volumes.
While many of the parameters and constants developed for the Coats and Sharp model [6] stand tests were retained, the current model incorporated a few differences. First, because the Medical University of Graz study [11] involved nonastronauts unadapted to spaceflight, the current model only utilized constants developed for preflight stand tests. Second, compartmental heights and extracardiac pressure were modified to simulate 70°tilt. Third, unstressed compartmental blood volumes, compliance steepness factors and the maximum heart rate pumping constant were updated to match data from the Medical University of Graz study.
The current model retains the Starling-like function originally devised by White and Blomqvist [7] to prescribe the cardiac flow rate
where S is the effectiveness of the heart pumping, P 1 is the pressure of the heart ⁄ lung compartment, P e is the extracardiac pressure, a and b are cardiac output coefficients, and K is the maximum achievable flow rate of the heart for a given operating condition
where HR is heart rate, SV is stroke volume, and C K is a constant that was iteratively calculated to ensure predicted cardiac output (HRAESV) and the initial cardiac flow rate in Eqn 1 are within ± 0AE2 L min )1 at the beginning of each simulation.
Linear relationships for heart rate and stroke volume during LBNP were used because only initial and final values were known for each subject, and because responses for these variables for Person I in a study with the same HUT + LBNP: graded orthostatic stress, (GOS) protocol by Goswami et al. [13] were nearly linear during the period of increasing LBNP. Heart rate was modelled using
where t is the time into the simulation, HR 0 is the initial heart rate (t = 0 min), Dt stand is total stand time, t LBNP is the time at which LBNP is applied, and C HR is a linear slope factor 
Constant for total peripheral resistance linear slope approximation during LBNP
Unstressed volume in veins of the thighs
Unstressed volume in veins of the calves Similarly, stroke volume was modelled using the initial and presyncopal stroke volumes,
where SV 0 is the initial stroke volume (t = 0 min) and C SV is a linear slope factor 
) Cardiac flow rate
Pressure within heart ⁄ lung compartment, found by iteration
Arterial pressure with gravity
Cerebral arterial pressure with gravity
Combined venous pressure
Cephalic venous pressure with gravity
Thoracic venous pressure with gravity
Abdominal venous pressure with gravity
Venous pressure of thigh with gravity
Venous pressure of calf with gravity
Volume of blood in calf venous compartment
Compliance of calf venous compartment
Total compliance of venous compartments = C ceph + C chest + C abs + C thigh + C calf HUT, head-up tilt; LBNP, lower body negative pressure; TPR, total peripheral resistance.
where SV f is the stroke volume at presyncope. Initial and presyncopal stroke volumes were calculated from available stroke volume indexes, SI,
where body surface area, SA body , was calculated using the Dubois and Dubois [14] formula
where W is the average weight in kg, and H is the average height in cm of the subjects. While total peripheral resistance data were not available from the Goswami study, one by Levenhagen [15] involving oscillatory LBNP showed that heart rate, stroke volume and total peripheral resistance were all proportional to LBNP. Therefore, for simplicity, a linear model for total peripheral resistance was also used,
where TPR 0 is the initial total peripheral resistance (t = 0 min), and C TPR is a linear slope factor
where TPR f is the total peripheral resistance at presyncope. Initial and presyncopal total peripheral resistances were calculated from measured total peripheral resistance indexes, TPRI,
Pressures at heart level within the arterial and venous compartments, P 2 and P 3 , respectively, were related to flow
where R a is the arterial resistance. Flow through the veins was also modelled as viscous, with the potential for collapse,
where P 1 is the pressure within the heart ⁄ lung compartment, P c is the pressure of partial collapse, and R v is the venous resistance. As in the Coats and Sharp study [6] , a venous resistance of 0AE8 mmHg L )1 min )1 was used for all subjects.
The compliance of each venous compartment was given by
where C i,0 is the peak compliance of compartment i, a i is a parameter controlling the steepness of the compliance curve, N is the ratio of asymptotic to peak compliance, and P ig is the transmural pressure of the compartment with gravity
where P i is the transmural pressure of the compartment, c is the specific weight of blood, G is the nondimensional gravity level, H i and H 1 are the compartmental height and the height of the heart ⁄ lung region, respectively. To simulate the application of LBNP, negative extramural pressure equal to the LBNP level was applied to P ig for the thigh and calf venous compartments.
Because detailed subject-specific data were not available, the C i,0 and N values developed for the Coats and Sharp model [6] were used. The iterative process used to find a i values for each compartment is described later.
The compliance curve was used to find the volume shift by integration with respect to pressure
where V i is the volume of each compartment at the current pressure, and V i,0 and P 0 are the initial volume and pressure, respectively. Total volume was conserved
where V blood is the total blood volume. As in the Coats and Sharp [6] model for male stand test finishers, a capillary filtration rate CF 0 = 0AE01 L min )1 was used during the HUT only portion of the simulation. Additional capillary filtration proportional to LBNP pressure was included during the LBNP period. The only haematocrit data available were for 1 min before the HUT (t = )1 min) began and 1 min after presyncope; therefore, these values were assumed to hold at the beginning of HUT (t = 0) and the exact time of presyncope, respectively. As in Broskey and Sharp [5] and Coats and Sharp [6] , it was assumed that fluid lost through capillary filtration was red blood cell free because red blood cells are too large to pass through the capillaries. The linear capillary filtration rate was modelled as
where CF f is the capillary filtration rate at subject presyncope and was estimated as
where HCT f is the measured haematocrit at presyncope, HCT LBNP is the estimated haematocrit at the beginning of LBNP, and V blood,LBNP is the blood volume at the beginning of LBNP
where V blood,0 is the initial volume of blood at t = 0 min. The haematocrit at the beginning of LBNP was calculated as
where HCT 0 is the initial haematocrit.
To estimate initial blood volume and to set up the initial cardiovascular state for each subject simulation, subject initial mean arterial pressure (P 2 at t = 0 min) was used to calculate the initial pressure in the heart ⁄ lung compartment and other dependent parameters so that total blood volume at t = 0 min could be found from Eqn 21. Because compliance steepness a i values from the Coats and Sharp study [6] gave overestimated total blood volumes for this study, they were iteratively changed so the average of the simulated initial blood volumes matched the average, expected initial blood volume from Nadler and Allen's [16, 17] formula for males
where H is height in m, and W is weight in kg. The average blood volume in Eqn 27 was also used to scale unstressed blood volumes from the Coats and Sharp study [6] to match the subjects for this study. Based on the capillary filtration rates (Eqns 22 and 23), subject blood volume was
Finally, for a particular simulation time, the subject's cardiovascular state and the dependent parameters were determined by iterating until the total blood volume in Eqn 21 was equal to the blood volume controlled by capillary filtration in Eqns 28 and 29.
Simulated GOS test
Subject-specific simulations that mimicked the cardiovascular response to progressive loss of circulating volume during a GOS test were run for each of the twelve Medical University of Graz study [11] subjects (all male) for which both cardiovascular and haemodynamic data were available. As described in the methodology earlier, subject data were used to estimate unstressed blood volumes and initial total blood volume. Subject-specific data were also used to control heart rate, stroke volume, total peripheral resistance and the capillary filtration rate. Simulations were iteratively run for progressing time until cerebral arterial pressure dropped below 30 mmHg, which is the minimum pressure for adequate brain perfusion. Below this level, unconsciousness (syncope) quickly follows. Cerebral arterial pressure was approximated by subtracting 28 mmHg (the estimated hydrostatic pressure because of the difference in height between the heart and the brain for a 70°tilt) from the arterial pressure with gravity.
Sensitivity analysis
The sensitivity of arterial pressure and cardiac output was defined as [7] Senðf; zÞ
where f and z represent any combination of independent and dependent parameters, respectively, and the subscript zero represents that the calculation is made at a baseline condition. The derivatives were approximated by the change to the dependent parameter caused by a finite change in the independent variable. Absolute pressures were used in these calculations rather than gage pressures. Sensitivity for a 5% change in the independent variable is reported for simulated tests involving subjects with the longest, shortest and average stand times at simulation start (t = 0 min), right before LBNP was applied (t = 5 min) and at presyncope.
Experimental methodology
For the Medical University of Graz study [11] , subjects were selected to avoid effects of confounding variables such as height, gender or athletic training on orthostatic tolerance [12] . Fifteen healthy males (31 ± 2 years, 75 ± 3 kg, 182 ± 2 cm, BMI 23 ± 1 kg m )2
) were enrolled who had no history of syncope, pathological conditions (neurological, cardiovascular, or endocrine) and were on no medications. Test subjects abstained from alcohol, smoking and caffeine as well as from vigorous exercise for 48 h prior to examination and were advised not to change their fluid and salt intake as governed by their usual dietary habits. A light breakfast with sufficient fluid intake was allowed pretest. All studies occurred between 09AE00 and 12AE00 h
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in an air-conditioned, semi-dark room (Temp: 22 ± 1°C and humidity: 55%). The Graz Medical University's Ethics Committee approved the study, and written informed consent was obtained from each subject.
Experimental protocol
Subjects were tested on an electronically driven tilt table (with LBNP box incorporated) that allowed for < 10 s postural changes and LBNP build-up. The sealing was maintained at the iliac crest, because sealing position has been shown to affect haemodynamic responses [18] . Test subjects were secured on the table and had access to an emergency shutdown (automatic return to supine and pressure neutralization) at all times. The experiment commenced with 5 min of 70°passive head-up tilt, which was followed by graded LBNP, starting with 20 mmHg suction, and increasing by 10 mmHg each in 3-min intervals, until presyncope occurred. Total time in the upright position was recorded as standing time (or orthostatic tolerance time).
The criteria of presyncope were the development of any of the following: (i) systolic blood pressure less than 80 mmHg or , or heart rate decrease by ‡ 15 bpm (ii) lightheadedness, dizziness, visual disturbances, nausea, stomach awareness, clammy skin, excessive sweating, or skin pallor.
Haemodynamics
Cardiovascular data such as heart rate, stroke index, blood pressure, total peripheral resistance and haematocrit taken 1 min before HUT and at the time of presyncope were used to calibrate the model for each subject. A Task Force Monitor Ò (CNSystems, Graz, Austria) was used for blood pressure, ECG and thoracic impedance Z 0 (t) monitoring. Impedance variation dZ(t) ⁄ dt was used to calculate beat-to-beat stroke volume, cardiac output and total peripheral resistance [19] ). Arterial pressure was monitored using a finger cuff (Penaz principle) and regular calibration to standard arm cuff measurements. Mean arterial pressure was computed as MAP = DBP + 1 ⁄ 3 (SBP)DBP), where DBP and SBP are diastolic and systolic blood pressures, respectively.
Task force monitor Ò ECG ⁄ impedance (CNSystems, Graz, Austria) electrodes were positioned together with upper arm and finger blood pressure cuffs [19] . Electrode strips were placed at the neck and thoracic regions, the latter specifically at the midclavicular line at the xiphoid process level. Recorded and calculated data were stored real-time beat-to-beat throughout the entire experiment.
Blood sampling
Blood was sampled from an uncongested vein maintained at the heart level during supine and upright positions. Haematocrit was measured 1 min before HUT and 1 min after presyncope, immediately after reaching the supine position. Subject-specific modelling focused on the 12 subjects for which full haemodynamic data sets were available. Detailed data of all the measured values (mean and standard deviation) during the GOS experiments are presented in [11] .
Results

Simulated GOS test
Cardiac output, aortic and cerebral arterial pressure, and haematocrit for three simulated GOS tests are shown in Fig. 1 . Subjects 1, 11 and 12 are shown because they had the longest, shortest and average simulated GOS times at 32AE00, 8AE00 and 12AE70 min, respectively. While the cardiac output and pressure drop occur smoothly for Subject 1, there is an abrupt drop in output and pressure for Subject 11 shortly after LBNP is first applied (t = 5 min). The cardiovascular response of Subject 12 was between these extremes, with a small increase in output and pressure when LBNP was applied before a slower decrease. As blood volume was progressively decreased to simulate capillary filtration losses, haematocrit increased. While the haematocrit increase for Subject 1 with LBNP was similar to that during only HUT, Subject 11 shows a large and sudden increase in haematocrit and Subject 12 shows an intermediate increase after LBNP application.
A comparison of simulated times to syncope and actual times to presyncope for each subject is shown in Fig. 2 . A Wilcoxon signed-rank test found no statistical difference between these two groups, at an alpha level of 0AE05.
With a cerebral arterial pressure threshold of 30 mmHg for adequate brain perfusion, the simulated mean arterial pressure at syncope of approximately 58 mmHg was the same for every subject. Actual mean arterial pressures during the last 3 min of orthostatic stress are shown in Fig. 3 . As examples of the range of responses, included on the graph are curves for the subjects with the highest and lowest pressures at the beginning of this period and for the subjects with the highest and lowest pressures at the end of this period. The bold curve represents means (with standard deviations) for all 25 subjects over 20-s intervals, except for the last 20 s, which was averaged over ten-second intervals. Using the slope of pressure between the last two 10-s intervals, the mean arterial pressure at the termination of orthostatic stress was extrapolated to be 68 mmHg.
Sensitivity analysis
The sensitivity of cardiac output, Q, and arterial pressure, P 2g , to changes in the independent parameters is given in Table 2 for subjects with the longest, shortest and average stand times at simulation start (t = 0 min), right before LBNP was applied (t = 5 min) and at the predicted time of syncope. As cerebral arterial pressure P 2gcereb is determined directly from P 2g , sensitivity values for P 2g provide indication of the influence of independent parameters on syncope. 
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Total blood volume, V blood , had by far the greatest affect on cardiac flow rate and arterial pressure for each subject. Unstressed blood volumes V 10 *, V abs0 , V chest0 and V ceph0 were the next most sensitive parameters for each subject at the start, for Subjects 1 and 12 at the application of LBNP, and at syncope. For Subject 11, V 10 * remained the second most sensitive parameter for cardiac output while R a became the second most sensitive for arterial pressure at the application of LBNP. At the application of LBNP and onset of syncope, cardiac output also became more sensitive to cardiac performance parameters such as b, S and K for Subject 11.
Discussion
The experiments provide valuable data, unavailable from other studies, on blood volume changes during orthostatic stress. These data facilitated subject-specific modelling that provided the most convincing evidence yet that capillary filtration is a prominent mechanism in causing orthostatic intolerance. These results may have applications in understanding the pathogenesis of postflight orthostatic intolerance, which has multiple potential aetiologies.
Capillary filtration rate
The results of these simulations show a good correlation between capillary filtration rate and stand time. Total blood volume was the most important dependent parameter, and the decrease in total blood volume was controlled by the capillary filtration rate of the individual. The resulting, statistically significant simulation stand times can, therefore, be directly related to capillary filtration rate. The obvious similarities among haematocrit, cardiac output and arterial pressure trends also support the theory that total blood volume losses are closely related to the cardiovascular state. The high degree of sensitivity of cardiac output and arterial pressure to total blood volume also supports this hypothesis. Figure 4 compares simulation stand time and the slope of the capillary filtration rate during LBNP. It clearly shows that individuals with lower capillary filtration rate slopes were more likely to have longer stand times.
Total peripheral resistance
During the Medical University of Graz study [11] , subjects with similar stand times had very different total peripheral resistance responses to the orthostatic stress, such as the four subjects with stand time differences of < 1AE5 min shown in Table 3 . The similarity of their stand times, despite the difference in peripheral resistance response, supports Broskey and Sharp's findings [5] that arterial resistance is a minor POI mechanism compared to blood volume loss. Astronauts experiencing postflight intolerance during postflight stand tests commonly display lower increases in peripheral resistance during preflight stand test levels [1, 4, 10] .
Sensitivity results also support this hypothesis. While the arterial pressure of Subject 11, who had the lowest stand time, became more sensitive to arterial resistance, R a , as syncope Figure 3 Measured mean arterial pressure at presyncope. Table 2 Sensitivity values for cardiac output Q (upper half of tables) and arterial pressure P 2g (lower half of tables) for the independent parameters in the model. Subjects 1, 11 and 12 had longest, shortest and average simulated stand times
HUT, head-up tilt; LBNP, lower body negative pressure.
approached, in general, both cardiac output and arterial pressure showed only an average sensitivity to arterial resistance, with sensitivity to total blood volume always an order of magnitude higher.
Mean arterial pressure
Mean arterial pressure for subject 23 dropped only 4 mmHg during the last three minutes of orthostatic stress and remained above 95 mmHg at the end of the test (Fig. 3) . For several other subjects, however, pressure drops over this time exceeded 50 mmHg, with final pressures below 50 mmHg. This range of responses shows that low ⁄ decreasing mean arterial pressure is important, but is not the key parameter for all manifestations of presyncope. The average for all 25 subjects of mean arterial pressure at test termination was 10 mmHg higher than the simulated mean arterial pressures at syncope (Fig. 3) , perhaps indicating that the many varied symptoms of presyncope arise from haemodynamic responses that are preliminary to the loss of adequate brain perfusion. Only one of the 25 subjects progressed fully to syncope at test termination. Figure 2 further reinforces the difference between the syncope threshold used in the model and the presyncope criteria used in the experiments, in that simulated times to syncope were generally greater than measured times to presyncope, by up to 7AE5 min for subject 1.
Yet the times to presyncope are statistically similar to the times to syncope, suggesting a common mechanism, and that syncope may be eminent soon after presyncope. Capillary filtration may be the common mechanism underlying both test termination conditions. Dizziness and loss of vision are classic symptoms of reduced brain perfusion, while the causes of sweating, nausea and stomach awareness are less certain. Investigation of the mechanisms of these other symptoms of presyncope may lead to improvements in the model, particularly in matching terminal mean arterial pressure.
Other observations
While caudal compliances are often thought to have a strong role in producing postflight orthostatic intolerance [1, 4] , lower body venous compliance factors C calf , C thigh and a caud were consistently among the five least sensitive parameters for each subject at each condition, indicating that their roles may be minor. Finally, during all simulations, there was a fairly consistent decrease in the blood volumes of all compartments except the calf and thigh. The venous blood volumes of those compartments remained relatively constant over time, or showed modest increases each time a higher level of LBNP was applied, confirming that blood does pool in the veins of the legs, at least on the basis of their fraction of total circulating volume. This response exacerbates blood volume decreases in other regions of the body and represents a mechanism by which LBNP increases orthostatic stress and decreases stand times.
Limitations
Because only initial and final values for cardiovascular and haematocrit data were known, a number of modelling assumptions had to be made to estimate how those parameters changed with time. While linear increases in heart rate and stroke volume were valid based on time course data for Person I in the study by Goswami et al. [13] , Person J in the same study had a large drop in stroke volume before a linear decrease took place, showing that a strictly linear model may not be accurate for every individual. The linear change in total peripheral resistance for individuals may also be over simplified. For instance, during the same GOS routine in the Goswami et al. study [13] , the drop in total peripheral resistance occurred fairly quickly when syncope was imminent. The instantaneous capillary filtration rate for an individual may also differ from the linearly increasing function as modelled. Improved modelling of all of these parameters could be incorporated if more continuously monitored cardiovascular and haematocrit data were available. The use of only cerebral arterial pressure to determine the occurrence of syncope is also a limitation of this model, as individuals suffering from orthostatic intolerance often present presyncopal symptoms in a number of other ways. This model Figure 4 Capillary filtration rate slopes during lower body negative pressure vs. simulation stand times for each subject. does not account for any of the complex chemical and hormonal changes that occur during orthostatic stress, which is an area of current research [20] .
To the extent that differences have long been recognized between biomechanical forces and adaptations in spaceflight vs. ground-based HUT ⁄ LBNP tests, these results may not be representative of the physiological state of astronauts returning from space. Further, the model may not be appropriate for other subject populations, such as the elderly or for disease states, for which a number of other potential aetiologies have been identified for orthostatic intolerance.
Conclusions
The results demonstrate the feasibility of simulating subjectspecific cardiovascular responses to orthostatic stress. This capability may be useful in identifying parameters that cause susceptibility to orthostatic intolerance, so that such individuals can be targeted for treatment. This modelling may also provide insights into the mechanisms of orthostatic intolerance, which may also be subject-specific, and for which countermeasures may be most effective if applied on an individual basis.
The results of this study of nonastronauts subjected to combined HUT and LBNP support the same hypothesis as previous modelling of astronauts in stand tests on Earth [5] and on a centrifuge [6] that capillary filtration is an important mechanism in the onset of orthostatic intolerance. To validate this mechanism, further experimental studies are needed to quantify total blood volumes throughout the course of testing, and especially to provide measurements of capillary filtration rates in astronauts. Additional studies should focus on determining whether finishers of postflight stand tests, and individuals with above average tolerance times during other forms of orthostatic stress, have special adaptations or mechanisms that limit capillary filtration rates.
